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INVESTIGATION WITH AN INTERFEROMETER OF THE TURBULENT
MIXING OF A FREE SUPERSONIC JET

By PauvL B. GoopeEruM, GEorGE P. Woop,
and Mavurice J. BREVOORT

SUMMARY

The free turbulent mixing of a supersonic jet of Mach number
1.6 has been experimentally investigated. An interferometer,
of which a description is given, was used for the investigation.
Density and velocity distributions through the mixzing zone
have been obtained. It was found that there was similarity
in distribution af the cross sections investigated and that, in
the subsonic portion of the mixing zone, the velocity distribu-
tion fitted the theoretical distribution for incompressible flow.
It was found that the raies of spread of the mixing zone both
into the jet and into the ambient air were less than those of

subsonic jets.
INTRODUCTION

Considerable work, both theoretical and experimental,
has been done in the past on free jets. Most of the theoret-
ical work has been based on Prandtl’s concept of the “mixing
length.”” Tollmien (reference 1) and Gértler (reference 2)
treated the turbulent mixing of incompressible jets.  Abram-
ovich (reference 3) published a theory of the free subsonic
jet in which effects of compressibility were included. Ex-
perimental results on velocity distribution in the mixing
region and rate of spread of the mixing region both into the
jet and into the surrounding air have been published by
various investigators (references 4 to 8). Most of the
experimental work has dealt with constant-density cases;
that is, the density of the jet was the same as that of the
ambient air with which it mixed, and the velocity of the
jet was quite small.
cxperimental investigation of the mixing of a supersonic
jet.  In this jet the Mach number was 1.6 and the density
was aboul one and one-half times the density of the ambient
air. Measurements were made with an interferometer of
the density variation across the mixing zone in the region
near the nozzle. From the density variations the velocity
variations have been calculated. A full deseription of the
interferometer is given, together with discussions of the
technique of adjusting the interferometer, the theory of fringe
formation, and the method of evaluating interferograms.

SYMBOLS
a constant
b fringe spacing; constant
¢ constant (+/1/26%)
I constant in Snell’s law
cy constant of integration
Cp specific heat of air at constant pressure
N
C_L(n— 1)

This report presents results of an

k Gladstone-Dale constant
l mixing length
L distance through test section
n index of refraction of air of density p
n’ index of refraction of air of density p’
ac,
pP=y=
1}
q:(’ﬂl
0
S dimensionless fringe shift, Y/b, where density
is p’
T static temperature of air
Tsiax stagnation temperature of air
u velocity of air
Uy velocity of air in free stream
V velocity of light
" velocity of light in vacuum
V7 velocity of light in air of density p’
r coordinate
X retardation of light beam that causes fringe
shift }”
Y coordinate
Y fringe shift
z coordinate
A wavelength of light
A wavelength of light in vacuum
N wavelength of light in air of density o’
E=ptaqy )
5 Py Patm density of air
o scale factor determined by comparing experi-
mental and theoretical velocity distributions
é angle of incidence of light ray
APPARATUS
JET

The open jet is operated by the air from a 500-cubic-foot
storage tank in which the initial pressurc is about 180 pounds
per square inch and from which a pipe leads to a supersonic
nozzle. The exit end of the nozzle is open to the atmos-
phere. In the pipe that runs from the tank to the nozzle
is a hand-operated gate valve, an air-operated quick-
opening valve, and a pressure regulator. The purpose of
the pressure regulator is to reduce the pressure of the air
going into the nozzle to a value that will result in the pressure
of the air, as it leaves the nozzle, being atmospheric. The
result is that no strong shock ‘waves or expansion waves
originate at the rim of the nozzle to adjust the jet pressure
to atmospheric.

The tesults reported herein were obtained with a nozzle
that gave a Mach number of 1.6. The nozzle was of the
two-dimensional type and was constructed of steel. It

1
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had an exit opening of 3 by 3 inches. The coordinates
of the nozzle blocks were caleulated by the method of charac-
teristics. No allowance was made for the thickness of the
boundary layer, and the nozzle gave the Mach number for
which it was designed. A photograph of similar nozzles
is shown as figure 1, together with the section for the tran-
sition from a 6-inch circular pipe to the rectangular entrance
to the nozzle.
INTERFEROMETER

Introduction.—The Mach-Zehnder type of interferometer
was originated by L. Mach and Zehnder for use in studying
phenomena of gas dynamics, The instrument is useful in
the study of gas-flow problems because it gives an instan-
tancous record from which can be calculated the variation
of gas density throughout a flow field. It is particularly
applicable to the study of high-speed gas flows, because, by
using light waves, it makes unneccessary the insertion into
the flow of probes or other measuring instruments that would
disturb the flow. The interferometer gives quantitative
results in which a rather high degree of accuracy can be
obtained. It has a sufficient range of sensitivity to measure
both small density changes, as in a weak Prandtl-Meyer
expansion, and large density changes, as across a strong
shock wave. _

The interferometer was used, but not intensively, by
Mach and Zehnder. It was applied to the study of subsonic
aerodynamics by Zobel (reference 9). Since then it has
been applied by Ladenburg and his coworkers to the study
of phenomena in supersonic flow (reference 10).

The basic arrangement of the Mach-Zehnder interfer-
ometer is shown in figure 2. Light from a source S is made
into a beam of parallel rays by a collimating lens system L,.
This beam falls on the splitter plate S, where it is split into
two beams. Part of the original beam of light is reflected
by the splitter plate S, and part is transmitted by it.  The
part that is transmitted goes to the mirror A, where it is
reflected onto the splitter plate S;. A portion of the beam
is transmitted by S, and is not used. The other portion is
reflected by S,, passes through the lens 7, and falls on a
sereen or a photographic plate P,

FicurE 1.—Supersonic nozzles.

The Light that was reflected by S; likewise goes to a totally
reflecting murror A, from which it is refleeted onto the
splitter plate ;. At S; a part of the beam is reflected and
is not used, and the remainder is transmitted, passes through
the lens I, and falls. on the screen or the photographic
plate P. This arrangement fulfills one of the necessary
conditions for the interference of the waves in two beams of
light; that is, that the two beams originate in the same light
source. From a practical standpoint the arrangement also
permits the condition to be met that the two beams be widely
enough separated in space that the disturbance to be studied
can be introduced into one of the beams without disturbing
the other. The disturbance, or the “test section,” can, of
course, be located anywhere in cither of the two beams. In
the apparatus deseribed in this report, the test section was
situated midway between the mirror 3, and the splitter
plate S;.

Theory of ideal fringe formation.—The two beams of
licht that reach the photographic plate > appear to come
from separate sources that are situated somewhere to the
left of the mirror Af;,. By proper orientation of the two
splitter plates and the two mirrors, the two beams of light
can be made to appear to cross cach other, as is shown in
figure 3. If, for the moment, it is assumed that cach beam
is composed of strictly parallel and monochromatic rays,
then the wave fronts can be represented by equally spaced
straight lines perpendicular to the direction of propagation,
as is also shown in figure 3. Here the straight lines represent
the crests of the waves. Midway between two successive
crests are the troughs of the waves. Where two lines in-
tersect, Lwo crests occupy the same position in space, reinforce
each other, and cause an increase in the amplitude of vibra-
tion and an increase in the intensily of the light. Where a line
intersects a point that is midway between two adjacent lines
of the other beam, a crest and a trough interfere destructively,
so that a decrecase in the amplitude of motion and a decrease
in the intensity of the light results.  The plate P will there-
fore be crossed by parallel, horizontal (in this case) lines of
alternately weak and strong intensity. These lines are the
interference fringes. They can be oriented in any direction
by proper rotation of the two splitter plates and the two
mirrors about two axes: one in a plane parallel to that of
the paper and one perpendicular to the plane of the paper.
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FiGUuRE 2—Basic arrangement of Mach-Zehnder interferometer.
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If now a disturbance is produced in the air that is in the
test section and this disturbance changes the speed of the
light in the beam that actually traverses the test section,
then the wave fronts in that beam will be advanced or re-
tarded, and the positions of the fringes will be shifted down
or up. From the shift in the fringes the average speed of
the light and, from that, the average density of the air can
be calculated. The only gas-flow cases for which the den-
sity field ean be evaluated are the one-dimensional case of
uniform density throughout the ficld, the two-dimensional
case of uniform densitics along lines (or planes) that lie
parallel to the light-beam direction of propagation, and the
three-dimensional case of axially symmetrie densities, such
as the flow field about bodies of revolution at zero angle
of attack.

Theory of practical fringe formation.—So far it has been
assumed that the light is strictly monochromatic and is a
beam of parallel rays. But parallel light can be obtained
only from a truly point source. Because in practice neither
monochromatic light nor a point source is used (with avail-
able means of approximating these to a very high degree, the
intensity of the light would be too small), neither condition is
actually met.  As has been pointed out before (veference 10),
the complete theory of fringe formation for the actual case
has not yet been given. Schardin, however, has shown
(reference 11) that the following is the case. With a point
source and a strictly parallel beam, fringes are formed at all
points along the two axes /,—I1," and I,—1I,’, where the two
beams overlap. (See fig. 4.) But in an actual case, in
which a light source of finite extent is used, the lines I,—I’
and [I,—J71,” become very numerous. The most distinet
fringes are then formed where the various lines between [
and 7,” and between I, and I,/ intersect.  The interferometer
should be so adjusted, by rotation of the splitter plates, that
this intersection is in the center of the test section.

For obtaining the greatest contrast between fringes, it is
also necessary that the optical-path length through the inter-
ferometer be the same for the two beams. In other words,

og from Soufcc” I,
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F1GURE 3.—Production of {ringes with monochromatic parallel light. X, wavelength of light.
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it is necessary that the optical path for the two beams be
nearly the same from the time the original beam is split into
two, at the splitter plate S, until the two are reunited at
the splitter plate S,.  This condition becomes the more im-
portant the further the light departs from being monochro-
matic. For a given setting of the splitter plates and the
mirrors, the fringes have a given spacing for cach wave-
length. The greater the wavelength, the greater the spacing
between wave fronts and, consequently, between fringes.
Thus, fringes produced by a large number of wavelengths
coincide only at one point, the center of the band of fringes.
On cither side of this center the fringes get out of step with
each other and the contrast between light and dark becomes
less and less. With the optical paths equal, the cenfer of
the band of fringes, where the contract is greatest, lies at
the center of the test section.

Description of interferometer—The interferometer, with
which the results presented in this report were obtained, was
designed and constructed at the Langley Laboratory and is
installed in the boundary layer laboratory of the Physical
Research Division. The base on which the splitter plates
and mirrors are mounted is a one-picce iron casting in the
form of a four-leaf clover. (See figs. 5 and 6.) The assem-
bly is supported in a vertical planc at its center by a single
mount, which is attached to a framework of structural steel
that is welded to a stecl table. The table rests on steel
plates that are bolted to the conerete floor of the second
story of the building. The building houses numerous
motors, compressors, and other sources of vibration. It is
within 50 feet of a projectile gallery, a 500-horsepower wind
tunnel, and a 1,000-horsepower wind tunncl. All of these
pieces of equipment cause vibrations of considerable am-
plitude in the second-story floor, which is supported by
columns only every 20 feet or so.

Interferometers are quite delicate mstruments; as far as
adjustment is concerned, and are quite subject to being
thrown out of adjustment by mechanical vibrations and by
temperature changes. When the present instrument was
designed, it was hoped to produce an instrument that would
not cause an inordinate waste of time in keeping it in adjust-
ment. The result has been quite satisfactory. Apparently
because of its symmetrical design (and probably also because
cast iron has a low cocfficient of thermal expansion), no
effects of temperature changes on the adjustment of the
interferometer have ever been noticed.  Ordinarily the in-
terferometer is enclosed in a sheet-aluminum case. Even

Virtuol sources L, /mages P
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FiGURE 4.—Region in which fringes appear to be formed in Mach-Zehnder interferometer
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when it is used with one side of the case removed and the
temperature in the room is changed by opening the windows,
or when the operators stand close to the interferometer, no
change in the fringes is noticed.

In an effort to keep the interferometer in adjustment
despite vibrations, it was at first suspended from a frame-
work by springs that gave the system a natural frequency
of about 1 eycle per second. Tt was soon found, when study-

't
'—(o
i

FIGURE 6,— Interferometer. (Splitter plates, lower left and upper right; mirrors, upper left
and lower right.)

ing the boundary layer on a flat plate, that the beam of
light could not be kept lined parallel with the flat plate.
Morvcover, at that time the glass plates and mirrors were
supported at four points, and they could not be clamped
very tightly without causing strains in the glass and distor-
tion of the fringes. As a result, the interferometer would
not stay long in adjustment, despite the fact that it was sus-
pended by springs. Accordingly, the supports of the plates
and mirrors were changed to the three-point type (see fig. 7)
and were clamped down very tightly without distorting the
fringes. The spring support was discarded and the inter-
ferometer table was placed on the floor as just described.
As a result, the interferometer has stayed in adjustment for
some length of time. In fact, in the past 9 months no ad-
justments of any kind have been made, and the interfero-
meter has stayed in perfect adjustment.

Each of the two plates and two mirrors is rotatable about
two axecs: one in a plane parallel to that of the interferometer
base (fig. 6) and the other perpendicular to the plane of the
interferometer base. For rotation about the first of these
axcs, the mirror holder is mounted in journal bearings. (Sce
fig. 7.) These bearings are clamped tight, just short of
binding. Aleverisattached to the axle. The ends of microm-
cters press against the lever. Rotation of the plate or mirror
is effected by advancing one micrometer while retracting the
other. When the proper position is reached, both mierome-
ters are screwed very tightly against the lever. For rotation
about the other axis, the plate or mirror housing rotates on
ball bearings. Again a lever is moved by means of two mi-
crometers.  (The micrometers provide an economical method
of obtaining precision screw trecads, The scales on the
micrometers are not used.)

For adjustment of the white-light fringes—that is, for
adjusting the difference in optical-path length of the two
beams, where optical-path length is defined as the integral

Fioure 7.--Interferometer mirror mount.
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of the product of index of refraction and the differential of
geometric path length-—means were provided whereby the
entire housing of mirror 3, could be translated in a direc-
tion perpendicular to the plane of the mirror. The ways on
which the housing moved were found, however, to be not
sufficiently smooth, and when the mirror was moved, the
plane of the mirror changed and thus the orientation of the
fringes changed. The screw was also found to be too coarse;
therefore, for easier adjustment of the white-light fringes, a
compensating plate was installed in cach beam (C) and (%,
fig. 8). Each plate is rotatable about two mutually perpen-
dicular horizontal axes. One plate is placed in a horizontal
position, and the white-light fringes are adjusted by rotating
the other plate. The fact that the path in glass may be
different for the two beams does not matter, because the
light is too nearly monochromatic for dispersion to have an
appreciable effect.

The splitter plates and the mirrors are 4 inches square and
1z inch thick. The plates are polished flat on each side to a
tolerance of ¥, wavclength. The angle of the wedge formed
by the two sides of a plate does not exceed 2 seconds of arc.
One side of ecach plate is coated with zinc sulphide for in-
creased reflection. Use of this coating is a departure from
the conventional method. This coating has the advantage
over the conventional one, which is a thin coating of silver
or aluminum, in that no light is absorbed by the coating.
The ideal coating would transmit 50 percent of the light and
refleet 50 percent. Since each beam is transmitted once and
reflected once at splitter plates, the net result would be two
beams going into the camera, cach of which had 25 percent

/0 Megohms
—WWYW—e

of the intensity of the original beam. For the zine sulphide
coating that was used, approximately 40 percent is reflected
and 60 percent transmitted. This is satisfactory, however,
because cach beam into the camera then has 24 percent of
the original intensity (neglecting losses at the mirrors).

The two mirrors are flat to a tolerance of ¥, wavelength
and are front surfaced with rhodium. Because of the low
reflectance of thodium (about 75 percent), it is expected that
aluminum would be more satisfactory.

Description of light source and camera.—A satisfactory
light source for application of interferometry to the study of
flow phenomena must provide nearly monochromatic light
in a nearly parallel beam. An additional requirement for
taking interferograms of high-speed flow is that the duration
of the light be sufficiently short. For taking interferograms
that are free from blurring of phenomena in an open, or free,
supersonic jet, exposure times of the order of 3 microseconds
or less must be used. (Inherent in free supersonic jets are
high-frequency vibrations.) Beecause meeting each of the
requirements of being monochromatic, parallel, and of short
duration tends to reduce the intensity, one must add the
fourth and obvious requirement of sufficient intensity.

The light-source problem has been solved by the same
general method that was used by the Princeton group (refer-
ence 10); that is, by use of a high-voltage magnesium spark
and a monochromator. A diagram of the complete light-
source optical system is shown in figure 8. The two elec-
trodes are magnesium rods of Y%-inch diameter with rounded
tips approximately 1 inch apart. KEach magnesium rod is
held in a concentric hollow brass rod. A press fit is used for

To /6,000v d-c s =
/ | s
. £ /
A ‘ re >
2 Microforods ya rd! -
[l :
i ,
6v Light source Interferometer Camera
[—dll
Shutter
3 r——" Se
M, T Tesr | —
Entrance slit , fest / . -
A sectior ==
N
e Film
Magnesium
electrodes
1 ¢ Ce S
L, ~
- : 5
Prism M,

FIGTURE 8.—Complete optical diagram of interferometer used In this investigation;
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mechanical strength, and where the magnesium rod enters
the brass rod, a weld is made. Tach brass rod is soldered
to a thin copper sheet, which extends for about an ineh and
is then soldered to a terminal on each of two condensers.
Each of the two condensers, which are thus conneeted in
parallel, is a 15,000-volt pyranol condenser and has, accord-
ing to the manufacturer’s specifications, a capacitance of 1.0
microfarad and an inductance of 0.5 microhenry. The con-
densers are charged, through a 10 megohm isolating resistor,
to 16,000 volts. The discharge is initiated by means of a
tickler spark between one of the magnesium electrodes and
an auxiliary magnesium electrode placed between the other
two and slightly to onc side. The tickler spark is produced
by the potential across the secondary of an automobile igni-
tion coil that occurs when the 6-volt circuit through the
primary is broken. This arrangement gives satisfactory con-
trol over the main discharge and facilitates synchronizing it
with the opening of the camera shutter. The duration of
the light from the main discharge was measured with a
rotating-mirror apparatus and was found to be approxi-
mately 3 microseconds.

The monochromator was constructed from a RBausch and
Lomb “Simplified Constant Deviation Prism Type” Labo-
ratory Spectrometer. The collimator objective, of aperture
f/8, and the entrance slit of the original spectrometer were
removed and were replaced by a system of greater aperture
that was constructed from available lenses. The lens Ly
(fig. 8) is an f/1.6 Kodak Anastigmat of 50-millimeter focal
length. This lens focuses the light from the spark discharge
on the adjustable entrance slit.  (No pinhole is used at the
spark.) The light is then made into a parallel beam by the
lens L,, which is an f/2.3 Bausch and Loml Baltar of 2-inch
focal length. The parallel beam then goes through the
constant-deviation prism of the Pellin-Broca type. The beam
is then focused on the adjustable exit slit by the lens Ly,
which 1s an f/8 lens of 6-inch focal length and is the original
lens furnished with the speetrometer. The exit slit is at the
focus of the mirror L,. The light from the slit is turned at
right angles by a small prism, which is placed slightly off
the axis of L;. The mirror L, is a parabolic mirror of 4-inch
diameter and 36-inch focal length and is front-surfaced with
chrome aluminum,.

It isrealized that considerably more light could be obtained
from the system if the f-numbers of the various lenses and
the mirror were properly matched, in order that the image
of the entrance slit, which falls on the exit slit, would be
more nearly the same size as the entrance and the exit slits.
The system as used at present, however, works satisfactorily,
and therefore no changes in it are contemplated.

The light from the green triplet of magnesium is used,
which has wavelengths of 5,167, 5,173, and 5,184 angstrom
units.  Of course, at the high exciting voltage that is used,
the light does not consist only of these three wavelengths
but is nearly a eontinuous spectrum. It was found that the
light from this region produced much more satisfactory inter-
ference fringes than that from any other region of the spec-
trum of a high-voltage magnesium spark. (The Princeton
group reported (reference 10) that they obtained best results

by using the blue line at 4,481 angstroms.) The monochro-
mator was set at 5,170 angstroms, and the slits were set at
a width of 0.3 millimeter. A band about 30 angstroms wide
was passed by the exit slit, and about 180 usable fringes
were obtained. Tt was found that the appearance, or con-
trast, of the fringes could be improved by redueing the length
of the exit slit to %, inch.

The fringes were photographed with an Eastman Anastig-
mal aerial camera lens L, of 13.5-ineh focal length and £/3.5
aperture. Kodak Linagraph Ortho film was used. The Lina-
graph Ortho is a very fast orthochromatic film of moderate
contrast and high resolving power and is designed for photo-
graphing high-speed transient phenomena on green-fluorescing
cathode-ray sercens. Negatives of about 14-inch diam:
eter were taken.  (Inasmuch as the film was used in the
35-mm size, a portion of the light did not hit the film.
Since the interferograms shown in the present report were
taken, the film has been changed to the 70-mm size.) The
moderate grain size of the filin permitted enlargements of
sixteen or more times the diameter of the negative, or seven
or more times actual size.

A Keodak Supermatic shutter was placed at the focus of
the camera lens. The shutter was set at %, second and was
synchrenized with the light-source spark, For convenience
in moving the film, a slightly modified Argus C-3 camecra,
with the lens removed, was used as a film holder.

The procedure that was followed for each interferogram
of the flow was lo take first an interferogram with no flow,
then one with a transparent ruler in the test section for

_establishing the scale, then one with flow, then a final one

without flow. The film was developed in Kodak D-72 for
the exceptionally long time of 14 minutes at 68° F.

Adjustment of the interferometer. -When the interfer-
ometer is first set up, a number of adjustments must be made
in order to obiain fringes and to orient them properly.  Most
of the adjustment procedure that was used is a more-or-less
standard procedure, but part is original.

The first step in the initial adjustment of the interferometer
is to make the reflecting surfaces of the two splitter plates
and the two mirrors nearly parallel.  This is done by making
the two mirrors as nearly parallel as possible by eye, and
then leaving them there, because it is possible to produce
all fringe orientations by adjustment of the splitter plates
alone (except for adjustment for white-light fringes which
is made with the compensating plates). Then the plates are
set nearly parallel to the mirrors by simple inspection. A
small light source is placed 15 feet or more away from the
interferometer, and the light is directed at plate Si. Two
sets of cross hairs are set up, one near the light source and
the other near plate S;. Two screens are set up on the
opposite side of the interferometer in such positions that alens
placed after plate 8, focuses one set of cross hairs on one
sereen and the other set on the other sereen.  Each set of
cross hairs produces two images on one screen.  One image
is produced by the light that is transmilted through the
lower part of the interferometer, and the other image by
the light that goes through the upper part. The splitter
plates are then so adjusted that the two images of one set
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of cross hairs coincide, or merge into a single image. This
procedure is repeated for the other sct of cross hairs, As
the adjustments for the two scts of images are not inde-
pendent, they must be continued until the images of hoth
scts of cross hairs appear to be single. The light source is
now replaced by a monochromatic light source.  This light
source should be sufficiently close to being monochromatic
so that many hundreds of fringes can be produced. The
reason for this is that at this stage of the adjustment the
two optical paths through the interferometer may be con-
siderably different. If such is the case, and a light source
that would give relatively few fringes is used, then the
fringes cannot be found because their apparent location
would be above or below the test section and out of the light
beam, A satisfactory light source is a sodium-are lamp
or a General Electric B-1I6 mercury lamp operated at an
undervoltage of about 60 volts. The lens in the beam
emergent from the interferometer is replaced by a telescope
placed some 15 feet beyond the interferometer.  Interference
fringes gencrally can then be brought into focus at some
point between the light source and the telescope. Tf they
cannot be found, cither the elimination of double cross-hair
images has not bheen sufficiently achieved or the difference
in oplical-path length is too great. Inspection of each
cross-hair image (on the screens) with a magnifying glass
will usually reveal that the elimination of doubling has not
been completely effected.

Once the fringes have been located, the monochromator
s set up. A B-II6 mercury lamp is placed at the entrance
to the monochromator. The slits are narrowed to about
0.3 millimeter and the prism set to pass the 5,460-angstrom
Iine. The next adjustment is to tilt the fringes into the
desired orientation, say a horizontal position, by rotating
a splitter plate.

The next two adjustments are to move the fringes into the
test section and o adjust them to the desired width or
spacing. These two adjustments are made simultancously
by alternate rotation of the two splitter plates and by ob-
serving through the telescope the location and the spacing
of the fringes. This adjustment is not difficult. For
example, suppose the fringes are located between S, and the
telescope and are too narrow.  The first step is to determine
which of the two beams goes through which path in the
interferometer.  This is determined by focusing the telescope
on the light source and blocking off one of the paths. It is
desired to have the beams cross in the test section midway
between M, and S,. If the slope of the beam that passes
through the test section is positive with respect to the slope
of the other beam, as shown in figure 4, then plate S, is
rotated counterclockwise to bring the fringes back almost
to the test scetion.  This adjustment may make the fringes
too broad. Then 8, is rotated clockwise to move the fringes
the rest of the way to the test section and at the same time
to narrow them.

The next adjustment is to make the two optical-path
lengths through the interferometer equal.  With the fringes
in focus in or near the test section, the slits are opened
until the fringes visible in the telescope become faint. By

8R1764—50 —2

rotating a compensating plate, the fringes are caused to
appear to pass vertically through the test seetion until they
disappear. The position of the compensating plate is noted,
and the plate is rotated in the opposite direction until the
fringes with the greatest contrast have passed through
the test section and the fringes again disappear. The com-
pensating plate is then positioned halfway between the two
positions where the fringes disappeared.  The mterferometer
is then nearly in adjustment for white-light fringes.  Either
the monochromator is removed and a source of white light
is used, or the white light is placed just ahead of the first
splitter plate without disturbing the monochromator. (A
convenient point source is the zirconium-arc light.) Then
a slight adjustment of a compensating plate will bring the
white-light fringes into view. If the disturbance of which
an interferogram is to be taken contains a region in which
there is a density gradient of considerable magnitude, such
as a boundary layer, the fringes will be crowded together in
that region, and distinguishing individual fringes may be
difficult. It is advisable to place the white-light fringes in
such a position that they will move, when the disturbance
is produced, into the region of density gradient and thereby
provide the fringes of greatest contrast in that region.

The final adjustment is to remove what might be called
“twist” from the two beams. For horizontal fringes the
two splitter plates have been rotated about horizontal axes
and the two images of the light source, as seen in the tele-
scope, lic one above the other, Tt may be, however, that
the two beams do not lic in the same vertical plane.  If they
do not, sharp fringes can be observed only when the source
is a line of zero width (and is also vertical, for horizontal
fringes).  As it 1s necessary that the light source have a
finite width, in order to give enough light, then the fringes
will appear considerably blurred unless the rotation of the
plates is corrected in order that the two beams lic in the
same vertical plane. In order to check this, the telescope
is removed and the eye placed in the emergent beam some
distance away from the interferometer. The fringes may
then appear o be cocked at an angle to the horizontal.
If so, then as one walks toward the interferometer the fringes
will slowly rotate back to the horizontal position which they
had when viewed with the telescope focused on the test see-
tion. By alternately rotating the two plates about their
nonhorizontal axes, the two beams can be swung until they
both lie in the same vertical plane and the fringes appear
horizontal when viewed from both a close and a far position.

When all these adjustments have been made, the following
will be true:

(a) The fringes arc centered in the test section.

(b) The fringes have the desired orientatior.

(¢) The fringes have the desired spacing.

(d) The white-light fringes are in the correct location in a
vertical cross section through the test section.

{¢) The two beams lie in a single plane.

EVALUATION OF DENSITY FIELDS

The theory of the evaluation of interferograms of one-
and two-dimensional flow fields given here is no different

Yy A /
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from that given clsewhere.  (Sce reference 11.)  The theory |
is repeated here for the sake of convenience.  The method of
measuring fringe shifts is believed to be somewhat different.
The theory of the formation of the fringes has been
discussed in a previous seetion.  The production of fringe
shifts is illustrated in figure 9. Consider that when no
disturbance is present both beams travel in air of density p
and refractive index n. The value of the refractive index
is a function of the density of the air, for a given wave
length of light, according to the Loventz-Lorenz relation

n—1 Sat- ~
n24g P Iandboe é:ﬁéj‘g“i@
or Corndmn A
n+1 O diils panr
nitg (0— 1)ep

Beeause 7 is very nearly equal to unity, the equation can
be written

(1

n—1=kp

where the constant of proportionality & is the Gladstone-
Dale constant., Then

n—1_n'—1
- 7

P p

n'—n=(n—1) <%—1>

Now let one of the two beams pass, for the distance 7,
through air of a different density p* and index n’; and let
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values of density and index be eonstant along the length Z,
but let them be functions of the vertical coordinate . Then
the wave fronts will be distorted, as in figure 9. ‘The
amount of distortion or retardation X at any point is a
function of the veloeity of light at that point.  The time for
passage of light of velocity 77 through a distance I is L/77.
In that same time, light of velocity V7 will pass through a
distance L-+X. Thercfore,

[

L L+X
I
But, sinee
Voo
W
then
L L+X
N
or
X=%, (A—2")
But, since
_ Vo
VoA
and
n'—z\u
)\/

therefore

A

=L N (n—n)

0
By similar triangles, it follows that

Y X L

T

Then, by use of equation (2),
or

It ¥7/b, the fringe shift in terms of fringe width, is designated
by S(3) and the quantity in parentheses is designated by €
then

ﬁxa$m+1 (3)

In this equation p’/p is the density ratio between some
“position in the disturbance and the undisturbed air.

The technique of obtaining the values of the fringe shifts
for a given cross section of the flow field is simplified by the
plotting of graphs. An interferogram is taken of ’the
undisturbed fringes.  (See, for example, fiz. 10.) Then
interferograms of the flow field are taken. (See fig. 11.)
Then enlargements to about 7 diameters are made. A

w5:24;u.47’
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position along the horizontal axis is chesen at which the
density variation is {o be determined. At that pesition on
the enlargement of the undisturbed fringe pattern, a vertical
line is drawn, and the positions of the fringes are measured
with a scale. (A picee of cross-sectional paper pasted on the
picture is uscful.) Then the fringe positions are plotted as
a function of the vertical coordinate y. Such a plot is shown
in figure 12. A convenient position, such as the lower edge
of the nozzle opening, is chosen as the zero of the y-coordinate.
This position was located on the picture in the following
manner: Two small pieces of drill rod were inserted into the
lower nozzle blocks  Trom their actual diameter and their
measured diametet on the picture, the magnification over
actual size was delermined.  From the known distances of
these rods to the inside edge of the nozzle, the location of the
edge could be found on the picture. Two small pointers
placed in the camera, the shadows of which can be seen in
the lower part of the interferograms, served to locate, in the
pictures that did not include the nozzle end, the horizontal
line that would extend to the nozzle edge.  (The two picces
of drill rod were also used for checking the alinement of the
light beam with the nozzle edge.  They are placed on oppo-
site sides of the center of the nozzle. If the alinement is
correct, then when, on an interferogram, the proper distance
is measured from ecach rod to give the location of the edge of
the nozzle opening, the same location is obtained for both
measurements.)  Then, on the enlargement of the interfero-

Fruvre 10.

Undisturbed fringes.,

aw A4 o
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gram of the flow field, at the same position horizontally, the
positions of the fringes were measured on a vertical seale.
Then obtaining the fringe shift as a function of y was simply
a matter of going to the first plot (fig. 12) with a value of ¥
and the corresponding {ringe number, reading there the
undisplaced fringe number for the same value of ¥, and
subtracting. For cxample, suppose that fringe number 20
lay at y=17 in the flow interferogram, and fringe number
84 lay at =17 in the no-flow interferogram; then the
fringe shift at y=17 is 11.6 fringe widths. The density
ratio between the place where =17 and the undisturbed air
is obtained from equation (3). This procedure was earried
out for each cross section through the flow field where it was
decided to obtain the density distribution.

N
The constant O—L P

scction through the jet. The value of Ay was 5,170 ang-
stroms. The value of n—1 was determined from equation
(1). The value of p, the density of room air, was obtained
from pressure and temperature measurements. The best
critical-table value of & is 0.1167 cubic foot per slug for 5,170
angstroms. The width of the nozzle opening was 2.999
inches, and this value would be the value of L if there were
no end effects. A corrected value of L was arbitrarily
obtained as follows: The fringe shift was plotted against ¥
from the undisturbed region, through the boundary layer,
into the free-stream region of the jet. The area under the
curve was obtained and divided by the fringe shift in the free
stream. This gave a position at which the same fringe
shiflt. would occur if it took place abruptly, rather than
gradually through the boundary layer. The difference
between this position and the position of the edge of the
nozzle was subtracted twice from the actual nozzle width to
obtain the value of L used in the constant . This method
is sufficiently accurate for cross scctions close to the nozzle.

was determined for each cross

EFFECT OF REFRACTION

When light passes through a medium in which the index
of refraction varies in a dircction that is perpendicular to
the initial direction of propagation of the light, the direction
of propagation is changed, or the light is 1(\frn(‘tod. In the
mixing region of the jet considered herein, the density of the
air varies, and consequently also the index of refraction
varies, The purpose of the present section is to determine
whether the refraction, or bending, of the light has a sig-
nificant effect on the mixing-region density distribution
obtained from interferograms.

Let y be the vertieal coordinate through the mixing zone
and = the horizontal coordinate in the direction of the light
beam. DBeecause the air density in the mixing region in-
creases as y increases, the light will be refracted toward
larger values of y. If ¢ represents the angle of incidence,
then Snell’s Jaw states that, at any point in the medium,

sin qb=c—
1

where V is the velocity of the light and ¢ is a constant.

el Bright, e

., . £, —p—
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(a) 0 to 114 inches from nozzle. (b) 1¢ to 3 inches from nozzle.

{¢) 3 to 4}¢ inches from nozzle. () 411 to 53 inches from nozzle.

Fisure 1L.—Interferogram of jet,
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{e) 5% to 7 inches from nozzle.

(f) 7 to 8}4 inches from nozzle.

F1;URE 11.--Concluded.

Accordingly, therefore,

but

therefore
SZ T‘ “) —1

It is now required to solve this equation in order to find
the amount by which a ray of light is deviated in the mixing
region. First, it is necessary Lo express n as a function of y.
In a subsequent section, the density distribution through
the mixing region is obtained. Tor the present purpose
this distribution is approximated by a linear variation that
fits the actual variation over a large portion of the mixing
region. The density of the air at the outside of the mixing
zone is taken as 0.0024 slug per cubic foot and at the inside
edge of the mixing region as 1.5 times as great, or 0.0036
slug per cubic foot. The effect of refraction is greatest at

the place where the density gradient is the greatest. This
occurs at the cross section that is closest to the nozzle, For
the present investigation that cross section is 2 inches from
the nozzle. The actual width of the mixing zone there is
about 0.33 inch. The assumption is made of a linear density
gradient equal to the average gradient across the mixing
region. The assumed density variation, then, is given by
the equation
p=10.00244-0.0036y

and the index variation is, by use of equatlon (1) and the

given value for k,

n=1.00028 1 0.00042y
or

n=a-+by

The differential equation then becomes

dz= dy
\/<T' a—i—r bl/) —1

By substitution of
_ac
0
_be
= V,

and
E=p+ay
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then

=y

£

fom 5
T VE—

On integration,
qzte) =log, (E+F—1)

For evaluation of the integration constant ¢;, at z=y=0

Ry AN
ge;=log, I:Vo a-{-\/(n a) ]]

But at z=y=0,

-V 17
C]—-‘ e — 0 =10
Ry-g @
Therefore
qea=log. 1=-0
and
Cy= 0
Therefore
b
£=1 +(‘1 ¥
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F16Ure 12.—Location of undisturbed fringes.

and

;lb* z=log, l:l +3 y+\,:*/(1 +g ?/)2— 1]

or
b

. b
v e T =2 (1+E?’>

The path of a ray, therefore, through a medium of linear
density gradient is a catenary. Because @ is very nearly
equal to unity, the equation can be simplified to

e te 2 =2(1+by)

or, by use of the series expansion, to

DO

yz

The deviation of a ray on passing through the 3 inches of
the mixing region, from z=0 to 2=3, is

y=%—><0.00042><9

=0.0019 inch
The index of refraction at y=0 is
n=1.00028

and at y=0.0019 is
n=1.0002808

The important quantity, though, is »—1. The light ray
emerges from the mixing region at a place where n— 1 differs
by less than 1 percent from its value at the place where the
ray entered the mixing region. For the jet under discus-
sion, therefore, the effect of refraction is negligible.

RESULTS
INTERFEROGRAMS

For obtaining interferograms of the mixing region of the
free jet of Mach number 1.6, the interferometer was so
adjusted that straight, horizontal interference fringes w.re
produced when there was no air flow, as is shown in figure 10.

Figure 13 shows the portion of the jet of which interfero-
grams were taken for the present investigation. This por-
tion was the bottom part of the horizontal jet for the first
10 inches from the nozzle. The 10-inch length was covered
by taking a scries of seven interferograms, each of which
covered a portion of the jet and its mixing region that was
about 2% inches high and about 14 inches wide. Only the
first six of these interferograms were used in obtaining the
density and the velocity distributions that are given in the
present report.  These six interferograms covered the first
8% inches of the mixing region. The interferograms are
shown as figures 11(a) to 11(f). A composite of the six
interferograms is shown as figure 14.
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Three regions are distinguishable in these pictures. The
lower portion of cach picture, where the fringes have retained
essentially the same spacing that they had with no air flow,
was taken with light that passed through nearly undis-
turbed room air. The upper portion of cach picture shows
the free-stream region of the jet. The center portion of each
picture is the mixing zone between the freo room air and the
free-stream portion of the jet.

If the irregularities in the fringes in the lower and the
upper portions of the interferograms are averaged out, then
the spacing of the fringes is found to remain the same as it
was with no air flow. This shows that there is uniform
density in cach of the regions. In the mixing zone, however,
the fringes are crowded together and there is a density
gradient in that region. The density varies, in fact, from
atmospheric outside the jet to about 1} times atmospherie
inside the jet.

As can be seen in figure 11 (a), at the end of the nozzle the
boundary layer that has built up along the nozzle and that
cmerges from the nozzle s much thicker than the beginning
of the jet mixing region. At a distance of about 2 inches
downstream from the nozzle, however, this boundary layer

FIGTRE 13.—Schematie diagram of nozzle, jet, and mixing region.

has lost its identity and there is only the mixing zone, the
undisturbed jet, and the room air. Only data taken from the
region between 2 and 7 inches downstream from the nozzle
arc included in the present report. In that region seven
vertical cross sections were chosen, at 2, 24, 31, 41, 5%, 6,
and 7% inches from the nozzle.

DENSITY DISTRIBUTION

The density variation along each cross section was ob-
tained. The method of obtaining the density variation was
first to measure the variation of fringe shift along cach
vertical cross section.  This was done by the method de-
scribed in the section entitled “Evaluation of Density Fieclds.”
Figure 15 shows a plot of the density variation across the
mixing zone at the seven cross sections. On the vertical
axis is plotted the ratio of density to atmospheric density
o/pam. On the horizontal axis is plotted the nondimensional
parameter oyfx. The variables # and x are position co-
ordinates. The y-axis is vertical. The r-axis is not quite
horizontal but has been so chosen that it coincides with the
line along which the density ratio is 1.1. This is the line
along which the veloeity is 0.5 free-stream velocity., (It
has been customary in the past to place the z-axis along the
0.5-velocity-ratio contour. For the jet under discussion,
this contour was at an angle of —1%° to the horizontal.)
The parameter ¢ is an cxperimenially determined scale
factor. Tts value is obtained by comparing the experi-
mentally determined velocity distribution with the theoret-
ical distribution. TFigure 15 shows that there is faurly good
similarity in the density distributions. The lack of scatter
of the experimental points at the outside portion of the
mixing region is explained by the fact that atmospheric
density was used as the reference in the quantity p/pem that
was plotted. The seatter that occurs at the inside part of the
mixing region can bhe attributed partly to variations in
atmospheric density and partly to variations in the stagna-
tion temperature of the jet, both of which varted from
picture to picture.

YELOCITY DISTRIBUTION

Froni the density distributions the velocity distributions
were caleulated with the aid of several assumptions and

FIGURE 14.- Composite interferogram of jet, 0 to 814 inches from nozzle.
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approximations. It was assumed that the static pressure
in the jet and the mixing region was the same as the pressure
in the room air outside the jet. The temperature distribu-
tions through the jet were then obtained from the density
distributions by the general gas law,

For the different interferograms the room-air temperature
varied between 79.6° F and 80.1° F. The stagnation temp-
erature of the jet air varied between 71.6° F and 73.6° F.
(The stagnation temperature was measured with a thermo-
couple that was installed in the 6-ineh pipe ahead of the
nozzle where the air veloecity was low, about 150 feet per
second, and the temperature recovery factor was very
nearly equal to unity.) The assumption was made that
therc was no heat transfer in the mixing region. The jet
and the mixing region were therefore considered to be iso-
thermal from the standpoint of stagnation temperature.
For the calculations of velocity distribution, the assumption
was made that the stagnation temperature in the mixing
zone was the same as the temperature of the room air.
Then, from the constant stagnation temperature and the
static temperature distributions, the veloeity distributions
were caleulated [rom the conservation-of-cnergy cquation

wl=2¢,(Ts1qq—T)

where u is the velocity and ¢, is the specific heat at constant
pressurc.
Tollmien obtained (reference 1) the theoretical velocity

distribution for the mixing region of an incompressible jet.
His results, given in table I of reference 1, are shown in figure
16. The vertical coordinate is u/uy,, where u, is the free-
stream velocity. The horizontal coordinate is again oy/x.
(For this figure only, the position of the z-axis has not been

adjusted to coincide with the = 0.5 contour but is horizontal,
0

at right angles to the y-axis.)  Tollmien’s results show that
the outside edge of the mixing region of an incompressible

jet is given by ';g= —2.04. Furthermore, Abramovich found

(reference 3) that compressibility had no effect on the value of
oyjr at the outside boundary of the mixing region. IHe
treated theoretically a jet in which the stagnation tempera-
ture was the same as that of the ambient air and in which the
free-stream velocity was large—up to the velocity of sound.
e also treated the low-speed jet in which the stagnation tem-
peraturc was different from the temperature of the ambient
air. He found that compressibility cffects arising from the
high velocity or from the temperature difference did not affect
the value of ey/z at the outside boundary, but that the value
for both cases was —2.04. In the present report, therefore,
this value has been aceepted as correet.

Tollmien’s results also show that the inside edge of the

mixing region of an incompressible jet lies along a value
) .
;‘l =0.98. Abramovich found, however, that the value of

ay/r at the inside boundary should be affected by compressi-

L6
[ 0
ol OD%QJDU
Distonce from é VS S a 4
nozzle, in. o N o & 4 £ %AA a8 oa e
sk . > (% Z] A < S [
, &5 04 A L0 o0
a 24 o 480 48
6 3L Obgf
2
. © 4% Ci%o
2 A 55/ wf ©
o & oo
P o 74
Patm ‘ af
13k °
L2r
L
O v v & dva v g byhak‘%AﬁEQM
1 1 'l 4 I 1 1 1 L 1
-5 -4 -3 -z -/ 1% / 2 3 4 5 €
(fy/x

Figure 15.—Variaiion of density ratio through mixing region. =15,
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bility considerations. Tlis analysis, however, was not cx-
tended to supersonie veloeities, and no theoretical value for
oy/x at the inside boundary is available for supersonice flow.

The quantity ¢ was introduced in the theory of free jet
mixing as a scale factor. (For example, sce reference 1.)
The theory does not give the value of o, but its value is deter-
mined by fitting the cxperimentally determined velocity
distribution 1o the theoretical veloeity distribution. In the
present case, the inside boundary of the mixing zonc is
clearly shown on the interferograms, and the angle that it
makes with the free-stream dirvection can be measured and
shown to be 3°. Because the theoretical value for oy/r at
this boundary is not known, the value of o cannot be deter-
mined from the measured rate of spread of the mixing zone
into the jet. Furthermore, at the outer edge of the mixing
oy
2

zone where —2=—2.04, the density gradient is extremely

small.  An interferometer is not very sensitive to such small
gradients, however, and the outer edge of the mixing zone
cannot, therefore, be determined accurately from the interfer-
ograms. Shadowgrams that covered an extent of 5 fect along
the jet were therelore taken. On the shadowgrams the outside
boundary of the mixing zone appeared to lic at approximately
6°. This angle would give a value of ¢ of approximately 20,

It was felt, however, that the shadowgrams might not ac-
curately indicate the true boundary of the mixing zone, and
that the most satisfactory method of determining ¢ would be
to choose a value that would give the best fit of the experi-
mentally determined velocity distribution with Tollmien’s
theoretically determined velocity distribution over the sub-
sonic portion of the mixing region. First, Tollmien’s curve,
shown in figure 16, was shifted horizontally by 0.39 in order
that the 0.5 value of u/y; would lie at the zero value of aey/r,
as shown by the solid curve of figure 17. Then the velocity
distributions that were caleulated from the measured density
distributions, as has been indicated, were plotted with o taken

. . U
as 15 and with the r-axis taken along the -==0.5 contour.
"0

This value of ¢ was chosen because it makes the data agree
with Tollmien’s curve between about 0.2 and 0.6 on the ver-
tical scale. At values of u/u, smaller than approximately 0.2
the data are probably not very accurate. At values of u/fu,
greater than 0.625 the flow is supersonie, and it is to be ex-
pected that compressibility effeets alter the veloeity distribu-
tion from that of incompressible flow. TIn fact, figure 17
shows that the inside boundary of the mixing region of the
supersonic jet is at —?21.12, compared with 1.37 for the in-

compressible jet. In the supersonic jet, therefore, the mixing

—2.04 region spreads into the free stream at a slower rate than in
g ——— g5 : ; 3
—tan 6° an incompressible jet.
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F1oURE 16.—Theoretical velocity distribution for incompressible mixing zone. (From reference 1.)
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The value of ¢ obtained here can be compared with the
values obtained by other investigators for incompressible jets.
Measurements In a large jet at Gottingen (sce reference 1),
in which the free-stream velocity was about 100 feet per see-
ond, gave a value for o of 11.8. Licpmann and Laufer state
(reference 8) that Cordes found a value of 11.95 for ¢, Liep-
mann and Laufer found that for their jet, which had a free-
stream velocity of 59 feet per second, the value of ¢ was 12.0.
These values are to be compared with the results of the pres-
ent measurements, which give a value of 15 for o for a jet of
Mach number 1.6. Because o is a measure of the rate of
spread of the mixing region, the mixing region of the present
supersonic jet spreads less rapidly than that of incompressible
jets. The rate of spread of the outside boundary is *%; thal
of incompressible jets. The ratio of the rates of spread of the
inside boundary is even less, as is shown by the fact that in
figure 17 the inside boundary lics at a smaller value of oy/z
than the theoretical.

In the theory of the incompressible jet, it has been custom-
ary to assume that the value of the “mixing length” is con-
stant across the mixing zone and that the value of the mixing
length [ is proportional to the distance from the nozzle,

{=cx

/‘2(
Distonce from
nozzle, in.
1.0 o 2
7
a 2?
I
Y 3 z
/
i O 4'?‘
.8 A 5_;_
o &
‘u/ua o] L
— Tolirmien.
6F
dr
2
D Y7
v ‘ 2, I
O Vv ¥ 2 VaVa 3 I aViy
L 1 A 1 L ot
-5 -4 -3 -2 -/

The constant of proportionality ¢ is 1/26°. For the sub-
sonic jets, with o=:12, the proportionality constant ¢ has the
-alue 0of 0.017. For the supersonic jet, with e=15, the value
of ¢is 0.012. By the use of the hot-wire method, Liepmann
and Laufer have shown that the mixing length is not constant
across the mixing zone. If ¢ is taken, notwithstanding this
fact, to be a measure of the amount of turbulence, then the
present measurements show that the mixing region of a super-
sonic jet is less turbulent than the mixing region of a low-
speed jet.

Figure 17 shows that the velocity distributions at the vari-
ous cross scctions are similar. The figure also shows that the
flow in the mixing zonc is turbulent, because the rate of
spread is linear, in agreement with theory, as compared to
laminar flow in which the rate of spread is a function of the
Reynolds number based on the z-coordinate.

Figures 15 and 17 show density and velocity distributions,
respectively, at seven cross sections. These cross sections lie
between 2 and 7% inches downstream from the nozzle. In-
terferograms of the region from 7} to 10 inches downstream
were also taken and density and velocity distributions were
obtained. These distributions were very similar to thoso
shown in figures 15 and 17. The distributions so obtained,
however, at these distances from the nozzle are not necessarily

]

FiuURE 17, --Variation of veloeity ratio through mixing region. o=15.
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accurale. At 10 inches, the path length of the light through
the mixing regions on the two sides of the jet is about 3 inches.
The effect of this on the results was reduced by the method
described in the section entitled “Evaluation of Density
Fields.” When the effect is large, however, it is not certain
that the method of correcting is at all accurate. For that
reason no results are shown in the present report for distances
greater than 7% inches from the nozzle.

SUMMARY OF RESULTS

It has been found that, for the free supersonic jet of Mach
number 1.6,

1. Density distributions through the mixing region were
similar to each other at the cross sections investigated.

2. Veloeity distributions through the mixing region were
similar to cach other at the cross sections investigated and
were similar to Tollmien’s theoretical velocity distribution in
the subsonic portion of the mixing region.

3. The turbulence in the mixing region was less than that
for incompressible jets.

4. The rates of spread of the mixing region, both into the
jet and into the ambient air, were less than those of incom-
pressible jets.

LANGLEY AERONAUTICAL LLABORATORY,
NaTtioNnaL Apvisory COMMITTEE FOR AERONAUTICS,
LangreEY Air ForcE Basg, Va., January 21, 1949.
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SYMBOLS SYMBOLES
Symbols and formulae that occur in & single table are explained | Tes symboled of formules qui se présentent dans une seule t
therc. . sont expliqués A eefie place,
d  Density, ‘ d  Densitd, 7
F Tormula-weight in aecordance with the printed farmula, " Tormuli-poids en aceord avee Ia formule imprimée.
¢ Assubseript, g indicates that the quantity perfains tothegas, | p  Commei mu';cnt,gm«hqucqunh quantité se rapporte i un |
: H  As subseript, H indicates that the quantity pcrtams to | T Comme souserit, H indique que Ia quantité se rapport
T hydrogen, .. S _ Vhy drngl“nc‘ H-.-
= Al Molecular weight, ' BT Al DPoids moléeulaire,
. ; rn  Index of refraction referred to a vacuum, - ! o n o Indicr de n’\fmctlon par rapport au vide.
: p  Pressure, c s e P ;
R A Wave-length, e A ‘
= As  Value of A when the unit is 15 = 10¢ R; A o= 1070035, - A \n!mlr do-X loruqun l'unité est 1 = 104 z\ Ay = 10760\
- SYMBOLE

Symboale und Formeln, dic in einer cinzelnen. 'T'Jmllr"voﬂsommr‘n,
sind_dort erklint,

4 Dichte. Lo Densil ‘ . -
F  Formelgewicht entsprechend der gwdmcklen Forme o Formudy pv‘qo'oormpmuk‘nt( alla fnrmu]a stampata.
P g Als untergese hriehende Ind(x hedeutet g, dnr ichdio Griwse | g Quundy \imw posto sotto, g indica che la quantitd si nfen
e H auf cin Gashezicht, T S ’
L H Als untergese hrighende Index bu]cnh- “H, dass
R Grissse anf Wasserstoff, H, bezieht.
_"* M Molckulargewicht. :
: n Brechungsindex auf dag Vs Lkuum bomg(‘n.
' 7 Druck. S L
i AW ollonl.lngc T . ,
E i quando 'unitd & 1x = 104 §; A, = 10-0\3
.i : - :
- The indices for solids and liquids arc given for tho notua.l l( niper- Rerracivity: Dry Air—(Continued) :
: atures at which they were determined; those for gases and vapors .
have in most eases been redueed to 0°C and 760 mm of g by | 0°C l 155C [ 30°C -
! some one of several, not always concardunt, formulae, = Ax Vlﬂﬂ(‘“ DIGi =
obtained provmus to 1898 have leen r-olhdr‘d by Dufet (233, such (r —~ D1
i values are, in general, omitted from thig men ‘i more recent
o data of equal or superior nceuracy are avail |Mo, n dLscuqsxon nf
s them will usually be found in the recent PAapers, 322.34 305.00
The vuriation of the refractivity with (emperature 'mrl ]rren‘mrq 322.27
o has been given special consideration in the cage of air; for other 320.90 304.66
il gascs and vapors the available data are included with the refrae- 319.66 301.22-
g tivities in Table 4, if there is an indicntion th.lt Lhc u]( al g'w Taws 314.58 299- 24
o do not apply. 310.17 2g‘f'29
REFRACTIVITY OF AIR’ , 313.94 i’gi-ﬂ-‘-
- = . : 310.3 204.08
5 Except as the contrary is bf’ttcd the fol]o\\mg dat: refer to dr\ 308 52
i air containing the normal amount (0.039 S0) of. CO; Dou)»hng 308‘06 292.10
;‘i , 7 this amount of CO: will increase n by Ios: 1hnn Irm 107 (“) (307:93 291 :23
i TanLe 1. —REFRACTIVITY OF_Drvy Am 307.83 291 -40
3 ) For dispersion formulae, sce Table 2; un‘!"f of A= 1 K of 2= ggz?; ,‘;giﬂ;
. E : mm of Hg; temperaturg = £,°C. . = . %]0(‘1 w4 30'1"82' 53( 1,8
5 (4) Range: A = 2218 to 8999, p = 760 mm (54). O?)sorvauons ',303 v ! 30é'41 2‘)(‘)}.8"2
S were made at eonstant f, and gave duccﬂ) the vu]ues of n for 50__‘_’?:: ’ 2;)1 .0"
- pressures near 760; these were reduced to p = 760 on the assump- eLoate . b
£ tion that over t]uq short range (n — 1)/p is mdr\pvnd(nt of p. 33?};?{[ A06.61 290.12 2_7,5'(7);
e i Hage (%,
? s For smoothed values, s(t;:,g‘nblo 8‘ S e 31 “7“1',{_6,:7. 30480 248 99 274 64
i) { T T _30c — 31757 303.43 25940 272.02 -
5 L n = nios e 3205F¢ 303.82 288 .40 272.71 "
%’,‘ ; 2218Cy 208,27 3280T - 302.89 287.25 273.25
Et; ; 2246Cu 206.04 T 3TFe ‘ 802.27 285.70 272.08
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REFRACTIVITY ! Dy Am.~(C‘antinumI) - Rerractivity: Diny _Am.-(("nnl{nucd)
r L_oC T ¢ T 3¢ I I N G
A | (n — 1)10° Py ~ L T T .
TR 30236 1T o35 o7 27156 TR0t 20259 T 977 e 263.13
385Te 300 15 285.70 624 Fe . 203,13 277 .61 263.26
35131% 301.00 28580 271.60 _BB5SI. S 20237 1 ar7o7 263 00
3504 ¢ 205.89 284.50 271.49 57001 20316 S0 977 g3 262 .52
3640F ¢ 20861 284.24 270.00 © 5763Fe 20250 -} 276.75 26241
3650F¢ 299 87 283.63 269,96 #832Ne 276.02 262.96
3701 Fe 20964 243 .42 267 .90 5SKINe ‘ 276.81 262.90
3753Fe 208 .80 2483 .18 2068.50 F883Fc 1202 16 276.75
37T e 283.16 59341 276.71 263.88
3790F¢ 252.91 5914Ne T 276.36 262,99
3843T¢ 297.75 282 92 26%.95 G003 T 292.85 276.58
3816T¢ 265,22 60207 L 263 .41
3365Fc 252,61 60651 2018 276.70 262,40
3867 T 208,14 G074 N L 276 a2 262.61
3906Fe 209.33 25216 267 .61 6096 Ne o UTH.36 262,61
3935Fc 20708 281,48 265.91 . GInnln - 2me.60 262 .34
35G9Fe 251.98 . 6143Ne 27649 262 .50
3077 Fe 206.62 251.59 208 14 U 6163 Ne _ 2762 262 .66
3083F¢ 207 .37 252 14 267.73 619{Fe 276.70 262.07
4005Fe 281.75 T 627N 27615 262 .57
4021 F¢ 297 .17 28157 266.499 62I0F¢ :
4076F¢ 207 .04 251.61 268.87 S 11 71) o
4095T ¢ 20666 250.05 267 .60 - 826k )
4118T¢ 207 .34 250.93 ‘ ©B950Fe 7607 262.07
4147Tc 280.7Y 26668 6260N0 ) 262,48
1191 F¢ 230.77 . 6207 e
4210T¢ 207.00 25081 266,87 7 s BN 75.77 262.38
4213Fe 206.36 250,53 266,97 G318
4233Fe 28071 o " B331Ne 16 20247
1215T¢ 206.59 250 .47 206.%0 - 6335 Fe .81 262.10
4282T% 205 .61 250.76 265.07 6352Ne 636 262.40
4315F¢ 206.08 250.04 266.3s5 - 630310 37 262.03
4352F¢ 206.75 250.50 266,28 " 61007
1369 g 295,42 279.61 266.30 . 6402Ng .32 .262.39
- 4375F¢ 279.83 R I B6430TFe e 261 .53
4422F¢ 205.47 279238 206.44 | 616216 .90 T 262.18
4427F¢c 279.67 61941 .18 ' 261.80
4184 Fe 295.09 - Lt - 6506Nc .22 262.15
4194 279.64 265.62 - T 6532Ne .10 T 262,27
1531F¢ 279 .44 ‘ Tl esdebe .10 261.08
4547Te 294.73 278.90 265.50 - GSA3H
4592F¢ 204.31 279.19 20540 | 6598 N¢ - .02 261.66
4602T ¢ 279.07 . 6600Fe 76,28 261.25
4647Fe 204.63 278 .78 205.49 =7 goR3Te .06 262.74
4691 Fe 294 .30 278 .52 - 264,077 6678 Ne -
4736F¢ 203 .89 278.92 265.36 6O78ke ™ 02 - 261.82
° 4789T¢ 293 .57 277 .84 264.74 | g7i7Ne .02 261.81
4850T ¢ 293.50 2787 264.65 S6TA0Lg T . 262.68
1903T¢ 203.7¢ 278.32 264 71 67524
4966F¢ 203 .32 278.91 264.60 . 68117
5001F¢ 293 .55 264,20 6513Fe 260,94
5012Te 278.30 e D G8TIA Y-
5051 F¢ 203.59 276.40 261,20 10 263.33
5110 203.05 278.43 264.33  6929Ne "261.84
5167Fc 202.68 277.03 263.90 6037A _
-5171Te 293.09 277.69 263.73 69451 262.13
5232F¢ 203 .42 277,92 263 .64 GOGAA
5266Fe 203 .87 263.65 607SFe 261.45
53241 293 .61 277.50 263.08 7016T¢
53071y 263.01 277.190 263.6! 7023F0
5455Fe 292 .44 277.34 263 .43 70304
5506 2022 277.28

263.60 7032Ne
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4 - INTERNATIONAL CRITICAL TADBLES
REFRACTIVITY : Dy Amec-~(Continued) (B) Valies v varions olworvers,  Range: A = 2 652 to 130 000,
K | 0°C l l-?i(.f ___I ~ “aonc T | Tor older values, seg (.'23. 54, 38),  Duata redueed by the formulr!
A | {(n — N1o* T r.,=='r~'-m-:i~i;r= (n — 1)10® :
TO3NTFe B T TN I S S ki e
S 7059N¢ 273.70 , SRR S Y N S O U —
o 0674 271,87 : Lo v =0a =i v = 700)7, (a1 :
7008Fe 200,24 276,71 262.41 , O o | om0 35 vt
7090 o 200 .53 © 2 652 3114.00 5 804 202.08 e
T130F¢ 289.87 275.76 260.90 28041 300.02 1 67 004 | 29%.00 (28)
71474 274.09 : 20071 90787 | BOTSL | 28875 | 4 ace’) ‘agpa
7161To 28950 276.12 | 261.36" 3022 1 fos.62 5401 | 2029
7173N0 ' 275.67 3 188 1 dod. a0 : : »
7ISTPe 274.903 262 .64 3065 | 203.00 ¥ = 7(10)77,
S 7207¥c 275 20 1471 | 205 55 | @ = 0.003670 (75)*
. ‘ 722k 200,57 : 260_%9 Fris sebdo 10 000 4290 (&4 :
: 7245N¢ 27526 261.66 5016 | 203750 | 20000 | 280 8 000 | 200.9
: 72724 ' : 27488 : 5 876 1 20096 30 000 | 289 | 45 605 | 9gg 7
- 723¥e 201,45 | 6078 [ 201 20 1 40 000 | 289 20 000 | 288.2
TAT2A ' a2 | - ] *Dased on preceding | 30 000 | 288.5
7393 . 2466 1 G o L En TR 40 000 | 2880
3. 7R850 e 280.77 SOl e 4861 ] o050 50°000 | 287.07
3 7411Te 200.06 275,107 : 5 ' ‘ 63 000 | 287.3
E 7438Ne 20420 L (82) 80 000 | 287.8
7115V 290,36 TH.02 0 f g nd 5461 | 203.42 1130 000 | 286.9,
= 05T ¥ - 6 AR ‘a1 o e
L ’Z;g;j\c 290.G8 g;?é:’ . ::,,2(;”1 ctivity of Air with Temperature,.Pressure and .
75117 CY IR R R Humidity '
7H1tA : 274.8D° ) = Temporal A=~1Do=(n—1D:(1 +af). Meggers and
it o/ ) g (2ol ), ATAS . o -
;.5)332 289.72 Zrt.ar N 521];2; Peters (54) ﬁ;n’ = 0.00367 + Q-Q?:;@Q; Koch (38) and Statchcu;
7o%6le 290.30 . S BLES L gy weid - 6.003670; Porard (59) used a = 0.003716; Cuthbert-
: _’_(:"'(_)]‘c 214’5‘“ 25047 ton (14}, Howell (29), and mést of the other workers have used
= 76354 o 2rE6lL - o = 0003663 = by7s. Al ¢ = —180 to —188°C, Ayres (3)
5 L'_"l’i‘::"f 289.38 20880 g 30-1 : Is : obtained thc‘:'vfnﬂh'wing values, agreeing with those of Scheel (68):
;;91."\(_ AT R ‘Ul "]..“'? L ) S S 507_| 735 914 mm of Hg
7T %009 PYE U A B A T gL X ~n =110 =| 651.3 0511 ’ 11899 -
7780Fe 049 74 971,73 . onn.ag - RS .‘(\@‘ b n = D10s <[ 653.3 051.1 1186.4
7832Te 200.23 275.06 - 261,12 Pressire.~:For amall ranges in p, ¢ constant, (n — 1)/p may
7937Fe 288.78 274 .55 26151 - be regarded y constant.  Opinions differ regarding the effoct of
TH5Fe 20019 271.71 261.27 7 | relatively gredt changes. Mathews (53) concludes that (n — 1)/p
= 7915A 274 .54 7 ‘ . " { is constaut over the range P =26 to p = 760 mm, but many con-""
_ 7098Te 288.67 274 .87 -2260.66 - | sider thal Mageart’s relation, (n — 1)/p = K(1 + vp), fits the
- SO06A - 274.58 .. | ebservaticng Bitter; the following values have heen used for v,
8011A 274.36 . | the nitit of p héing 1 mm of Hy:
= S0 16T 250.03 275.01 CUenEsT N vieed] 5 461 5 461 5462 .
I 8085F¢ 290.26 273.92 261.00 | pil e Oto 760 Oto 700 | 760 to 7 600
A 81034 274.28 RS I (1 L, Z.vil.] 357 £89 | 667 + £7 5l £ 5
g & 81154 274.20 B (T vyl (62) (81) (38) .
4 20T, 0 5 bl ary o - ,
g 5220Fe | 250.52 273.61 26122 - | == 4359 4000 to | 5000 to
5 82644 274.25 S 8 500 a6 000
8327 TFe 289.43 273.88 - 260,66, . IR, - . Lo
' 8357Fo 28901 274.12 250.03 | Peees 0 0010 7600 mear 760 | 0to 760" -
8408A 274 .36 : R I 1 53 £ 5 210 70 v
, Ml Lit... ... (58) (5%) (38 -
Si24A 274.27
8163Fe |  200.01 C ] 200,66 - | For the raiige's = 4050 to 5000 X, p = 30 to 100 atm., ¢ = 0 )
8514Fo 274.59 260,42 [ to 14°C, it bas hoen found (70, 71, 73) that, whatever the pressure,
85214 : 274.63 S TR (n—=1 " 0.0056376 | 54.01(10)~¢ A
S611Fo C250.00 G =T ”'98036{1 T T —“}
8061 1% 238.10 274 .07 260,10 Tor vnriation With p at £ = —88°C, see preceding text,
?GTW“- 281,29 Hymildity.—Y ng and ne = index for dry air and for air in~
8088Fe 288.73 273 .41 26048 which the partial pressure of water vapor is m mm of Hg, then
$824Fe _ 273.55 260,54 R 1m0yt  Hhen
8909Fe J L T 950,15 cludes that ng = n, 60 " .
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REFRACTIVITY- A1pg 3
TanLr 2 —Disrension FORMULAE pon Dav Am . Ty 3.-~(("nnh'mlrr1)
M= 1079y, unit, of Mm=14 A ,Lji_‘_“_”_”’" I ) s,
Tor the formuls (n - Dio* = Bf(n ~ ARy, Cuthhertson (14) 3 750 i 283170 1.0619 7.550
finds 8 = p] 626, 4 =~ 17917, for  the Canchy  formuly 3 800 282,858 L.o7ig 7.442
(n—1) 100 = 4 + B+ x4 the following valyes have heen 3 850 282,551 1.0878 7.337
found, those of (54) being the hest, Temperature iy 4, °C; pressure 3 000, 282,259 1.1008 7.235
= 760 mm of g, exeept as noted, 3 050 - 281079 1.1138 ; 1?17
- - - 4 000 381712 1.1268 .0
2Ll A L_2_[ "¢ Tionon;q 107074 Tt 1 030 251436 1.1399 6.013
0 287566 L-31120.03777] 1 661, {131.35 (54) ° 100 281,21 1.1530 - G.857
15 272.613 1.2258'10.03555‘ 4.5070 13039 (54) 4 150 280,076 1.1661 6.769 —
30 l25y.072 1.22500.02576/ 4.733, | 99 4, (54) 4 200 28075 1.1702 6.633
0 287-987"1-90-1‘,‘0 6.264% | o (5) 4 250 280535 1.1923 6.500 T
0 258.02 11,482 10.0309 | 5.144 107.3 | (59) 4 300 280 370 1.2051 6.517
1 - | | 5.6381 | 54 01+ (0, 71, 73, 14 350 250,150 1.2186 8.437
* Freed of €O, 4 400 279,939 1.2317 6.360
t For pressurcs between 30 and 100 st f - 12°C, 4050 § < & < 3000 %, 4 450 279,755 1.2119 6.285
4 5K 270578 1.258] 6.211
4 550 - 279 408 1.2713 6.130
4600 - TF 24y 1.2545 6.069
TanLe 3.—Courrcrions For Coxvenrivg \\an-r,exn'rus AND 4650 -273.08¢ 1.2978 6.000
THEIR RECTPROCALS IN AR AT 15°C Anp 760 v oF g 4o 4700 . 278 038 1.3110 5.933
Tusm Vatves 1y 4 Vacvon (54 1 5507 278 TN 1.3242 5.868 :
If Xy Ae = values in air and in vaciiim, respeetively, then A, = . 890 :':i? ?w 1‘3'?’5 5':‘_'0‘{ i
A + & and 1/, = I/Xe + 3, where 8 and 8, have the valyes i S"? ":?":}q l‘3"'OS 5"““ .
given in the table, The values of (n — 1) are those eompiutod I 9?0‘ ?:\1318 1'3('f,o 5 ‘:,S,O A
hgaeans of the cquation (n — 1)106 = g7 4 + L20sSA7? o 4950, 275. 230 1.3773 A
0.03555)\;¢ which was derived Trom the observations in Tabie 1, 5 000 <5 127 13006 2.561 T £
section 4, Unjy of A and 5= 1A, o S = lem™ = p0s X A 050 215008 L1039 5.503 ’ - ?
’ - 5100 C 2T 803 1.1173 5.447 £
) [ (= D & | L ERE) N7 11306 5.302 o
2 000 325 582 0.6512 16,274 5 200 7767 1.4139 5.33¢
2 050 322 012 0.6601 15.703 5250 27 Sen 1.4572 5.28;5
2 100 318.756 0.6605 15.175 " A 300 27463 1.4706 5.234
2 150 315.863 0.6701 11,687 5 330 2T RT0 14839 - . 5.183
2 200 313.207 0.6801 - 14.232 5 100 277 275, 1.4973 5.133
2 250 310.757 0.6993 13.508 3 450 S 27F I8y 1.5106 5.084
2 300 308.575 0.7097 13 412 3800 . 977.043-!1- 1.5240 ;
2 3350 306.550 0.7204 13.041 ~H B0 277 007 1.5374
2 400 304,691 0.7313 12,692 5600 276 003 1.5508
2 450 302,981 0.7423 12363 5630 276847 1.5612
2 500 301 .405 0.7535 12,053 5700 - 278,762 1.5775
2 550 . 299.9.48 0.7649 11.759 5 750 - 276.685 1.5900
2600 . 208 .600 0.7764 11.481 5 8o 270 610 1.6013
2 650 297 .350 '0.7880 11.217 5850 . | avgoaay _ 1.6177
2 700 206.158 0.7997 10.067 '757 400" 276466 1.6311
2750 205.108 0.8115 10,728 § 950 276 308 1.6116
2 800 294,100 0.8235 10.500 G 000 ) 276,331 1.6580
2 850 203,160 0.8355 10.283 G 050 - 276,265 1.6714
2 900 292,280 0.8476 10.076 - 6 100 75,203 1.6848
2 950 201 457 0.8598 9.577 6150 | 276140 1. 1 4983
3 000 290.685 0.8721 9.687 =76 200 i _27'}.080:;1. : 1.7117
3 050 289.960 0.8%44 9.504 =250 . 276 p2z 1.7251
3 100 289.279 0.8963 9.329 - 6 300 275,065 1.7356
3 150 288.638 0.9092 9.160 ° 6 350 L 275,000 . 1.7520
3 200 288.033 0.9217 8.998 . 6 100 275.85 1.7655
3 250 287.463 0.9343 8.842 - 1§50 275 802.° 1.7789
3300 256,924 0.9169 §.692 CB 500 275751 1.7024
3 350 250415 0.9595 8. 547 8 550 275.7(}(_) 1.8058
3 100 285,033 0.9722 407 6600, 275 651 1.8103
3 450 285.476 0.9%19 2ve 6 650 275 60 1.839% )
3 500 285.043 T0.9077 8.142 ~ B 700 275.557 1.8162
3 550 284.632 1.010¢ .016 8 750 275.-"{11‘ 1.8597
3 600 284,241 1.0233 803 - 6 800 275 487 1.8732
3 650 283.869 1.0361 774 - 6850 ) 275.423 1.886G6
- 3 700 283.516 1.0490 660 6900 275 1.9001
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6 INTERNATIONAL CRITICAL TABLES
TasLe 3.—(Continued) Tanie 4.--RurractiviTy oF Gases AND Varors
For dispersion formulae, see Table 5
A , (n — X)IOGJ N ] 5. Order: Flementary substances, pure compounds, mixtures, .
6 930 975 330 10136 ~ 73 061 The formula used for reducing the observations is indicated, if
7 000 275.299 1.9271 3.932 known, by I, I7, or ITT: 1, 1o = re 0ok 0 togs other
7 050 275.259 1.9406 3.903 S o ) :
7 100 275291 1.9541 3. ]75 values are given, v = 0 and « = Yq3; TI, ro = tdo/d; 111, To =
7 150 275183 1.9676 3.847 P/l X U/ MD0)0 1003 7 = (5~ 1)108  If the gas is ideal
7 200 275 146 1.9311 3 820 | and diatomic, and if ¥ = 0 and a = 1375(= 0.003363), all ﬂzrcol -
7 250 275 110 1.9045 3703 formulae give the samo valug, and ro = 10%n — 1)o,760. K m
7 300 975 074 20080 3 mg7 | ro/p. Unitofa =1 X, of p = 1 mm of Hg; temperature = 1,°C
7 350 275.039 2.0215 3.741 1. A-Table.—Elementary Substances )
7 400 275,006 2.0350 3.715 - A, Argon: of, (82)4 Brs.—(Continucd
7 450 274972 2.0185 3.600 N rgn;' dj'( ,i X (Continr ’r:
7 :)90 EZ4.‘.HQ 2.095:’0 3,665‘ ) . T (8%8) 6 138 1 157.0 -
7 550 274.908 2.0756 3.640 2441.6 | 303.78 6 708 1152.5
7 600 274 877 2.0891 3.618 2 402.1 302 .80
- 7 650 271.816 2.1026 3.an2 Q. 900 38 Cd,, Cadmium
i o , , 2 615 4 30038
: 7 700 274.817 2.1161 "3.503 2 766 4 - ses U nr (9
2 7 750 274,788 2.1206 3545, .} 2m24 | 20714 5 183 2780
,! 7 $00 274759 2.1431 3522 70 gaat2 Tl 20550 5 46t 27%
’ 7 850 274,731 2.1566 .49 3310.3 1162 - 5 593 2 675
7900 | 27703 | 21702 BAT6 LU gors | 28634 6 562 2 675
7 950 274 .66 2.1537 34547 4 650.1 9% 090 Cl,, Chlorine
S 000 274.650 2.1972 3.432 5 105.6 . 983.79 ]'][ (18
$ 050 2:{4.(:»24 2.2107 R0 5 153.2 |71 .293.67 4 790.9 701
8 1(_)0 274.599 2.2243 3380 5 218.2 L. 983 .50 5 085.8 757
8 150 271,574 2.2378 3.368 s5m0.2.. 282 55 5 200.1 756
8 2(30 274,::)4? 2.2513 3.7 5 7%2.2 282 47 5 46&7 7\“
S 250 274.525 2.264% 3.326 ) I (lG);"};if. (12) 5 760.5 781,
' 8§ 300 274,502 22784 3.306 4 L non -
0 17800 12838 5 790.5 781.
‘S 350 274 478 2.2019 3.286 5056 -1 2%
e . _ - 5 036 3.1 6 438.5 777.
8 4100 274 456 2.3054 ©3.266 5 200 8 6 707.85 775
S 450 274434 2.3190 3.246 | 561 3 — ——
8 500 274 412 | - 2.3325 - 3.227 - 5 760 7 F3, I'luorino
§ 550 274.300 2.3460 .| 3208 s 7 111 (21)
8 600 274.369 2.3506 " 3K  garst 9 5 893 i95
8 630 274349 2.3731 R L T H:, Mydrogen* i
8 700 274.328 2.3867 - 3.152 Hsel 0 I(14) L
8 750 234.3(?9 2.4002 3.1 L 5 016 5.6 4 861 140.64 7
_ 8 800 274.259 2.4137 SN U R 6 5 461 13071 v
8 850 274,210 2.4273 _3.099 - 5 878 33.8 5 780 139.33 0.
8 9(20 234,2:»1 2u1’£03 -+ 3,050 5 ]0¢ 3.7 6 563 138.66 :
8 950 274.232 2. 4514 3.063 .- 6 563 R 0 1 (35,36); ¢f. (34) .
_ 9 000 274.214 2.4679 3016 < |y 2 303 159.435 -7
: 9050 274196 24815 3.020 1 4350 - 1 28501 2 370 157.693
9 100 274.179 2.4950 3012 - 5461 0 ] 281.6 2 448 156.300
9 150 274,161 2.50%6 2095 5770 . - | 250.2 2 465 155.978
9 200 274, 144 2.5221 - 2.979 .. 5790 | . 9280.2 2 536 151,604~ 7
9 250 214.128 2.5357 - 2,063 6 430 279 .6 2 577 154.017 .
9 300 274 111 2.5492 2047 | % %0,0°C nnd’ 560 mm Heg, (%) 2 676 152.538
9 350 274.095 2.5628 2.931 | findare = 2270 for A = 54623, 2 751 151.510
! 9 100 274.079 2.5763 2915 # Loxs areurate than thosa ol (19). 2 761 © 151.423
9 450 274,064 25509 2.800 Ass, Arsonic 2 858 150.268 -
9 500 274.048 2.6033 . 2881 - IIT (39) 2 591 119.873 -
: 9 550 274 033 2.6170 2.860 " 5461 11579 2 926 149.530
9 600 274.018 2.6306 .85 5893 101 5T 2 068 140.118
B 9 650 274.004 2.6441 283071 Br, Bromino 3127 |- mTm7.
§: 47 0 ZOO 273.9890 2.6577 2.824 : LT 3 133 147.661 ~ -
3 5 750 23.9?5 2.6713 T 2.800 5461 il 1 18409 3 3142 146.130
g 0 9 800 273.961 2.06348 2,795 5600770} 1179.6 3 545 144,950
R 9 850 273.947 2.6084 2.780 5500 b1 176.2 3 661 144.321
g ' g g‘__’o 273.931 2.7119 2.766 5750 " 5101 1 3 705 144.103
g0 0 950 273.920 2.7255 2.752 5800 | 11735 3 908 143 .246
[ 10 000 73.907 2.7301 2.738 : o
o ogt 3. 73 2738 6000 { 1166.2 - 3 935 142.979
.







L)
REFRACTIVITY - GASES: A TO 0O, 7
H—(Continued) He, Helium; ¢f. (82) Kre..-{Conlipued) ‘: No——(Continued) 1
by ro A | ro A . Te g t = —100.6°C; N = K1iGL
g N 142.749 IIT (18) 5 700.5 427,61 A} = 0.035p
1079 142 642 4 800 35.04 6 438.5 425 80 . nt (n ~ 1)108
1100 142.550 5 086 31.09 6 707 & 125.33 .- 10.8 e 144.1
4 360 141785 5 209 34.08 . i : 22.2 204 .4
1 o7 140,597 5 461 34.95 N, I‘"""‘;’:"i'"f' (#3) 35.6 4706
5462 139,660 5 769 31.82 - (14 39.0 515.3
5 w05 130.24 5 791 34.92 4 861 30121 - 72.6 075.4
6 710 13553 6 438 34.80 546l 4 07 - 76.3 10233
w001 136.10 137 6 563 agy 516 110.4 1 508.3 o
st 78 136.06 2 303 36.258 e ' 123.3 10024 o
(43) 2 379 36. 146 L= oomers 132 3 1820.0 o
5 800 138.7 2 448 36.063 : ?;2 ?}j‘;“l“’ G| 4= —1016°C; A = BIG1A e
6 708 135.0 2 465 36,040 5 4;;; , ;43&}’} . Af = 0.23p :
7 (48) 2 535 35.050 L ROREDY 11.0cm 119.8
v =0, a = 0.00381 2 577 35 016 253 521.50 20.2 278.5
5 085 130.2 2 876 35,827 2 57 320,54 33 4 156.6 -
5 06 16.7 2 754 33700 2 670 818.71 75.8 10343
6 438 136.3 2 761 35.749 2 SR 119.6 1 669.5 -
(60) 2 838 35 672 2 ;‘_;’q . ;l",' R TAL 219C, A= 5461 X, and d e
1677 140.8 2 804 T35.0616 7 2 s\f;J 3 ;, : butween 7o and 200ds, do =~ deneity R
4 500 110.6 2 926 3562 2 42 8148 at 0°C and 760 mm, 5ot % m
5 085 . aa iy 926 311 , AEE e L
5 085 \ 140.0 2 968 35.005 P . . . 129.7 X 10-% is more nearly constant ¢ ]
5 aTs 129.3 3 342 35396 2968 | 337 than cither (a2 = V/d or (0 - /4
o SO6 129 0 3 505 35.133 3 342 300 Gn. :
6 138 1385 3 861 .3'-‘”7)7 3 hiA, an7 tn computed by van der Wanla's
ve-2 o AR 3 705 " equation witha = 120 070, 5 = 1,325,
7 (58) 3 085 35 17" 3 705 306.36
0985 5.173 3 003 305 11 then both (n — 1)/d and (n? = 1)/
4 338 140.6 4 109 _ 35.139 3 ;)er h '{ﬂi"f’} (n? - 2)d are conatunt within 2 05,
4712 139.8 4.08 g NS 3 2 (num ~ naed X 108, whero =
4 (I].).‘) 139.6 g 2&; 34 ‘;22 4 070 3041.24 5780 in the mean X of the yellow lines N
i o 7 R g 4 100 an .06 of Hg; p in expressed jn om of Ha.
9 780 138.9 1 ( ) 1 017 301 0(. AL —191.8°C the coefliriont of pis ”
6 676 - 137.6 4 861 35.10 5 ! o1 : W)-,,’ Tenrly 7 times un great at — 190,80,
1(29) 5 016 35.08 ‘ e
2 753 151.87 5 461 35.04 [n(ef,zw»r . :
2 801 150.61 5 876 35.60 *';{-;;:"”w" 00 "5’,, . 'Na, Sodium* i
3 022 149.73 5 806 35.00 4 ;_';‘2 . 30';’4_ ‘ ' *Far diapersion near sbsorption Bt
2 21(1‘ ifz?g 6 563 34 95 1 ")25 é‘)ﬂq brnda, see Bevan (8).
=4 B )
4 471 142.80 Hgn, Mcrcury 5 461 208.2
4713 142 38 111 (20) 5 780 2076 Ne, Necon
4 016 142 03 5 183 1 885 6576 2061 117 (18) T
3876 141 .05 5 461 1 832 7 056 1 8 B 47939 67.31
I(33) ‘ 5 |93 1 &85 . I (‘:‘6) 5 U83.% 67.23 J:
1 854.6 175 006 6 562 R 3342 870 T som 67.91
| 862 7 1o o SeRel B T 303.4 5 160.7 , 87.16
1935 8 171 54 S X L 4046 . 301.0 5 769.5 67.10
30 a0~ | asn 40358 2005 | 57005 67.10
1990.5 169.395 —. 5 000 2 120 161 208 7 T e ne a0
2 303 159 118 5 005 2 160 5 11 ‘ 057 6 438.5 67.02 :
2 379 157,681 5 100 2 210 57060 3 208.6 ,
25 5 = . N T '
536 151.690 5 250 225 - t = —180.2°C % = 5461 X 0,, Oxygen*
2 754 151.500 5 6 ! ¢ ; :
2 804 149.850 5 900 2l Ab=003sp .. e - S
2 008 149'131 6 })30 2130 “ ot (n ~ 1)10® 4 861 273 .45 g
3 349 146,133 6 215 2 130 “10.1cm 133.3 5 461 271.70 ;
: 6 438 2 100 : 21.9 - 288.2 5 790 270.99 3
4 048 142.741 6 708 1 970 : :
- 35.5 461.8 - - 6 563 260.75 -
4 079 142 632 * Not very accurate. m [ ;
4 360 141.773 K Potassium* ;?g ' 1 (20)‘:8 2 753 e 21.23 . i
5 161 139.650 For divheonss . 76. 10 3 s2f.2 B
spersion near  absorption. 76.4 1 000.9 2 80t 203.60 B
bands, see Bevan (5). R . 00 - 29 a0 9 I} L b
® For the range 56 < p < 2760 mm — . 75.6 1 8.6 3 022 2~>1»I- ) &
of Hgand t = constant, (n — 1)108 = Kr, Krypton 100.9 1347.0 3 188 247.93 H
kp, even at very low tcmperatures; 11T (18) 101.0 1 340.3 3 889 279.65 ¥
for A = 5461, %k =0615 if = 4799.9 431.%0 122.8 1 662.3 4 471 276.31 e
~187.5°C, nnd £ = 0.687 if [ = : P Jl) ’ 3
Z1911°C, for A 57RO 1on - 10100, 5 085.8 430.34 122.8 1 650.0 4713 275.11 &
k = 0.683 per mm of Hg (9). 5 029.1 42078 143 4 19061.1 5 016 274.01
t S8ame value found by Schacherl 5 460.7 428.74 143.5 1 962.9 5 876 271 .84
(+7), 5 760.5 427 .64 149.5 2 0 678 270.83
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